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NOMENCLATURE

boundary layer parameter

Q o
e}

friction coefficient

absolute velocity component, chord

entrainment rate

force defect thickness

e

".‘/.i; .

N

r e,
- v

y ."1-"1 ‘ats
’

: ’,
r

blade force, wake model (eq (7.4))
wake model (eq (7.7))

s s B ¥
s_& 7

shape factor

y

Head's shape factor

0

o
P
.
€% 1 13 a

annulus height, metric coefficient

meridional coordinate

Ay & Yy g H, 1, T
e

5

coordinate normal to the end-walls

static pressure

i radii of curvature (appendix A)
radius, recovery factor
streamwise coordinate, pitch
temperature

total temperature
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recovery temperature
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Eckert reference temperature
transverse coordinate

tip clearance

wheel speed

pitchwise coordinate

velocity in the blade reference system

T E £ o

relative velocity component

“HANS

e
.
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»

. X orthogonal coordinate

radial flow angle

passage flow angle

a

8

Y stagger angle
) physical boundary layer thickness
s

- e

displacement thickness
€ skewing angle, diffusion coefficient
€ wall skewing angle
y n u/é
' momentum thickness, angular coordinate
K ) A correction momentum thickness
v viscosoty, eddy viscosity
p density
¢ solidity, wall inclination angle (fig 3.1)
T shear stress

w vorticity vector

Subscripts

k kinematic

W at the wall

m,n,u in meridional coordinates (fig. 3.1)
s,n,t in streamline coordinates (fig. 6.1)
sec secondary flow

ewbl end-wall boundary layer

inv inviscid

Superscripts

inviscid flow parameter
. ~  passage-averaged value

' expressed in s,t coordinates (figure 6.1)

Abbreviations
)
s EWBL end-wall boundary layer
" PBL profile boundary layer
' 3D three-dimensional
) -
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1. INTRODUCTION

The main objective of the present research is to provide a method for the

prediction of detailed flow properties in a multistage axial compressor, in
particular the secondary flow patterns and the radial mixing process.

The background of the present work lies in a Quasi 3D approach [11]. In
this approach, correlations are used to compute the passage-averaged profile
losses and deviations. End-wall boundary layers (EWBL) are predicted
through an 3D integral method where end-wall secondary flows and clearance
effects are introduced {2,3].

In this EWBL approach, it is assumed that all the secondary and tip
clearance effects originate inside the EWBL and extra losses are taken into
account separately when computing the machine efficiency [3). However, the
interaction between the secondary flows and the main compressor flow is
stronger than a simple efficiency correction [4,5,6,7,8]. The present trend
towards higher stage loadings and lower aspect ratio's enhances the effect
of radial redistributions but current axisymmetric calculation methods are
not able to account for it. This interaction is illustrated on figure 1.1
where a radial distribution of temperature is shown with and without radial
redistribution effects.

In the present project, a technique for the determination of the radial
mixing is being developed. This technique is based on the determination of
the radial flow components as obtained from integral boundary layer and wake
predictions.
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Figure 1.1 : Radial redistribution of total temperature [8]

Adkins & Smith [8] presented a basic formulation for the determination orf
radial mixing effects. In their approach, a large number of parameters
determining the secondary flow are to be chosen on an empirical basis. o
the present approach, the velocity profile families built in the integra.
boundary layers and wakes lead to a prediction of most of these parameters
and it allows the reconstruction of the seccondary flow pattern, with muen
less additional parameters.

As shown by Adkins and Smith {8], the radial mixing 2an be expresse’
through a diffusion type -equation where the 'diffusion' or 'mixing'

A A f."..'..'-" g R e N S o T S A T I S B e O I
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coefficient is a function of the rms radial velocity. When the radial
velocity 1s well known this mixing coefficient can be easily estimated.
Gallimore and Cumpsty [6] showed that mixing due to turbulent diffusion may
be as important as mixing due to radial convection and an additional
turbulent mixing coefficient is to be considered. When the total mixing
coefficient 1is known, the mixing equation can easily be solved using a
finite difference or finite element method with Neumann type Dboundary
conditions.

2. HISTORICAL BACKGROUND

During the last twenty years, the design requirements for axial
compressors have increased considerably calling for more advanced
computational methods. However, because of the high complexity of the flow
pattern, no complete three-dimensional calculation methods can presently be
developed which would account for multistage configurations. The flow is to
be computed by parts which interact with each other.

The current approach consists in the splitting of the turbomachine flow
into two two-dimensional flows [1]. The first flow is considered in a
circumferential blade-to-blade surface (S1) and the second is the
circumferentially averaged meridional flow (S2). Different secondary
effects which are not considered in these St and S2 flows are to be computed
separately and superposed in an interactive way. The different secondary
flows are summarised on figure 2.1. These flows occur in a surface normal
to S1 and S2, which is not considered in the basic Quasi 3D approach.

In the following, the different contributions shown on figure 2.1 will be
reviewed separately (sections 2.1 to 2.6). Two different approaches for the
determination of the secondary flows are reviewed in section 2.7. Section
2.8 discusses radial mixing processes and section 2.9 is a brief review of
experimental work in this field.

2.1 Passage vortex (contributions 1,3,4)

The passage vortex is a well known secondary flow component in
turbomachine flows. Its mechanism has been investigated a first time by
Carter and Cohen for uniform flows with thin boundary layers [26] and by
Squire and Winter for nonuniform flows [27]. It was further investigated by
Hawthorne [12] and A.G. Smith [13] for cascades and by Dixon [14] for
rotating blade rows.

The passage vortex s basically a streamwise vorticity component caused Dby
the deflection of a non=-uniform mainstream velocity. It can be obtained
from the conservation of momentum in a steady, invisci: incompressible flui3l
[26,27]

ro

> > >
VA{WAW =0

The inviscid equation (2.1) 1is often applied over the whole passage,
including the viscous boundary layers. In a different approach (see 2.7},
the flow is considered as a superposition of (i) a main inviscid primary

flow, and (ii) viscous boundary layer flows whizh are treated through
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Flow : Origin :
1 Main passage vortex Flow non-uniformities
2 Trailing shed and filament vortex Spanwise changes in circulation
3 End wall boundary cross flow Boundary layer overturning
4 End wall boundary layer passage vortex  Boundary layer overturning
5 Tip clearance flow Tip clearance pressure difference
6 Profile boundary layer radial flow Centrifugation
7 Wake radial flow Centrifugation
8 Radial diffusion Turbulence

Figure 2.1 : Secondary flows

integral boundary layer methods. In the latter case, a distinction is to be
made between a 'main passage vortex' caused by an overall non-uniform inlet
flow as predicted by a through-flow computation, and an ‘'end-wall boundary
layer passage vortex'.

2.2 Trailing edge vorticity (contribution 2)

The vortex sheet leaving the trailing edge of the Dblade has two
components : the trailing filament and the trailing shed vorticities. The
shed vorticity is due to the changes in c¢irculation along the span, the
filament vorticity is due to the stretching of vortex filaments and is a
result of non-uniformities in the inlet flow. Circulation changes can Ue
due either to an overall non-free vortex behaviour of the passage flow,
either to specific changes in blade loading 1inside the end-wall Doundary
layers.

These components were investigated a first time by Hawthorne (28] and Came
and Marsh [29] on the basis of inviscid flow models.
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2.3 Tip clearance flows (contribution 5)

Tip clearance flows contribute to the secoindary flow motion in an
important way. They affect the passage vorte by modifying the flow turning
and the trailing edge vortex through a change in blade loading. Smith ([11]
proposed an inviscid approach where tip clearance and leakage secondary
flows are taken into account. Several empirical constants were introduced.
In an approach where boundary layers flows are considered separately, tip
clearance effects can be included in the integral boundary layer equations
(3] (see 2.7).
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2.4 Profile boundary layer radial flows (contribution 6)

Boundary layers along turbomachine blades are three dimensional and
contribute to the radial convection. Both experimental and theoretical
information about these radial flows 1is poor. Adkins and Smith [8]
estimated these radial flows by solving the local conservation of radial
momentum along the blade, introducing two empirical constants. The radial
velocity was found to be a direct consequence of the boundary layer velocity
gradient. Their development is inviscid, in the same way as was done for
the passage vortex. Whitfield and Keith [30] used the same base but
included the blade loading effects by means of the loss correlations of Koch
and Smith,

Viscous 3D boundary layer applications on turbomachine blades are almost

inexistant. More experimental information has recently been made available
by Laksminarayana and Popovski [24].

2.5 Wake radial flows (contribution 7)

The wake can be considered as an important element in the total radial
flow analysis. Peak values in radial velocity are observed in the near
wake, where very low velocities may induce a high centrifugation. Adkins
and Smith [8] and Whitfield and Keith {30] treated the wake by writing the
mainstream and radial momentum conservation laws along the wake center. The
total amount of radial flow is found by modeling the wake profiles. Since
symmetric wake models are used, there is no ability to simulate asymmetric
radial wake profiles. Hah and Lakshminarayana ([31] made full turbulent 3D
computations in asymmetric wakes with radial flows. These computations are
in good agreement with detailed experiments, but their cost may be in
disproportion to the gain in useful information.

2.6 Radial diffusion (contribution 8)

All the above radial flows contribute to radial mixing by a convection
mechanism. Gallimore and Cumpsty [6,7] showed that at least in their test
compressor the radial energy redistribution 1is due mainly to turbulent
diffusion. They based their conclusion on the facts (i) that the observed
mixing was isotropic [6] and (ii) that the measured turbulent energy
production 1is almost fully compensated by turbulent energy diffusion, which
means that convection phenomena are of less importance [7].

. . .
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2.7 Two approaches for secondary flows

From the the above discussion on secondary flows, it follows that a part
of them originate in three viscous layers

(i) the end-wall boundary layers
(ii) the profile boundary layers
(iii) the wakes

The cross flows in these layers may be estimated in two ways

(i) solving local inviscid equations over the whole span, including the
viscous layers
(ii) exclude the viscous layers from the inviscid solution and
solving them separately by means of integral boundary layer
and wake equations

The first approach has been referred to in sections 2.1 to 2.4 ([8,11,12,
13,14,26,27,28,29,30,311]. A large amount of such inviscid secondary flow
approaches is reviewed in the AGARD conference proceedings 214 (1977) about
'Secondary Flows in Turbomachines' [25].

In the integral boundary layer and wake approach, secondary flows are
predicted in a less detailed way, whereas viscous effects can be taken into
account., Secondary flows are characterised by some integral cross flow
thicknesses which quantify a total amount of secondary mass and momentum
flow.

Early 3D end-wall boundary layer (EWBL) equations were proposed by Cooke and
Hall {15] and Horlock [16]. Smith [17] showed the presence of variations in
blade loading inside the boundary layers, which can affect the secondary
flow in an important way, and he showed the importance of the tip clearance
effects. Mellor & Wood [9] and Horlock & Perkins [18] took these effects
into account through the introduction of force defects. De Ruyck & Hirsch
[3] extended this theory by introducing (i) new correlations for the force
defects and (ii) profile model equations suited for turbomachine EWBL flows,
which allow the reconstruction of complete spanwise pitch averaged cross
flow profiles. Only two empirical constants which are extensively
calibrated are present in this method.

Detailed 3D profile boundary layer (PBL) and wake equations are less profuse
and as a f.rst step 1in the present project, 3D boundary layer and wake
equations were developed in fully curvilinear coordinates. This development
is applied in a <coherent way for EWBL as well as PBL and wakes. Recent
theoretical developments of full 3D boundary layer equations are summarised
in [25]. This refence discusses the problem of separations, a problem which
is not yet treated in the present report, but which is to be included in the
future since it appears from the available test cases that the trailing edge
separation plays an important role in the near wake, including the induction
of radial flows.

Although inviscid theories are important for the understanding of
secondary flows, these theories are practically not applied in multistage
design codes, except for radial flows along profiles and in wakes. The
present proposal therefore seeks for a complete integral appgroach for the
secondary flow description. Integral secondary flow results are next used
as input for the description of the radial mixing process.
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2.8 Radial mixing process [8]

Adkins & Smith [8] proposed a diffusion type mixing equation whicn can be
applied for the mixing of any flow parameter. The 'diffusion' or 'mixing'
coefficient is determined from the knowledge of the secondary flow, which in
their case is obtained from Smith's inviscid secondary flow approach. Some
applications in [8] show the importance and the correct behaviour of this
mixing theory. More recently, Gallimore and Cumpsty [7] presented much
simpler computations based on the turbulent mixing only. Whitfield and
Keith [30] made a more clear distinction between convection and diffusion
mechanisms. The did not consider the convection as being isotropic, as was
done by Adkins through the use of a diffusion type equation. They rather
traced the flow particles and obtained non-isotropic flow property
migrations in the spanwise direction.

FIA

A

The three above approaches are validaded by experiments, although the -
mechanisms they use are very different. This validation is however obtained =

LR
v o e
PR

through the calibration of empirical ccnstants, which probably compensates
the shortcomings of these approaches. In order to clarify this situation,
one of the scopes of the present work will be to determine he relative
importance of mixing through convection and mixing through turbulent g
diffusion. The diffusion type equation of Adkins & Smith will be applied in g
the present approach and any flow property ¢ will be radially redistributed

P
et
]
»
3

through
¢ 3%¢ .
3m £ nT (2.1) "

where, combining convection and diffusion,

2

W
n S
£ = [ o de turbulent diffusion coefficient (2.2) .
pitch "m o
A W and wo denote the meridiconal and radial velocities, 8 the angular :>:

courdinate. Equation (2.1) does not include mixing losses, it only
expresses the mixing process. It can easily be solved through a numerical
scheme. The energy conservation is obtained through a Neumann-type boundary
condition which expresses that there is no enthalpy or entropy flux through
the end-walls. Mixing losses can eventually bte added through source terms
in equation 2.1.

2.9 Experimental work

Besides theoretical developments, experimental data c¢an be found. A .
classical test case 1is the Larguier Rotor [5] tested at ONERA. Test data
are available downstream of a rotor blade row, showing 2 rad:al flow praofile
which can be interpreted as a superposition of the different secondary flow
contributions [8]. Dring et al [#4] made extensive experiments at four
stations downstream of a rotor blade row, at several radial positions, and
at four different flow rates. Other wake data are aviilable f{roem the
Pennsylvania State University [32,33]. Two three-=stage compressors,
differing primarily in aspect ratio, were designed and tes%t=d at Pratt & -
Whitney Aircraft under NASA sponsorship [34,35]. The effects of mixing are "

Ll

seen to be very strong for both configurations (see figure 1.1,
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Less detailed data are available for the profile boundary layer radial
flows. Recently, data were made available by Lakhsminarayana and Popovski
[(24]. Extensive data are presented at both pressure and suction side of a
compressor rotor blade, at five radial positions and three axial stations.
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X In the following sections it will be discussed in which way the different ;}
:1 radial flows (figure 2.1) will be investigated. There is an essential 5:
difference with the Adkins and Smith [8] and Whitfield and Keith [30] e
b
. approaches through the use of integral methods, reducing the amount of g
f; empirical constants. The approach which will be used for the radial mixing ;:
J process will be based on equations (2.1) and (2.2). The precent report is .§

&
)

; limited to the radial flow prediction. -~
BN
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~ The strategy which is used is illustrated on figure 3.1. Four steps can ﬁ;
o

[ be considered in the global flow computation o
X D
R~ _::
¢ (i) Through flow computation s
b, (ii) Computation of end-wall boundary layers .
s "
A (iii) Computation of the passage radial flows -
v, -
Al (iv) Computation of profile boundary layers and wakes "o
] ;\
P

All the equations are expressed in a meridional coordinate system m,n,u .9

,‘ which is shown on figure 3.2. The secondary flows are determined in a :ﬁ
:' surface normal to the S1 and S2 surfaces, that 1is surfaces of constant fj
. e
?{ meriaional coordinate m. N
3.1 Through flow computation lt

The computation of the radial effects needs input from the main flow \f

computations, o¢r eventually from experiment. In practice a Quasi 3D i

: computation is performed which yields the spanwise passage averagecd profiles {:
of all the flow properties. Amongst these are the meridional and angular Cu

velocity components W and W and the unmixed temperature profiles, The ﬁ'
velocity profiles are input for the next step in the calculation prccedure. :i
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THROUGH FLOW COMPUTATION :

passage averaged velocities

END-WALL BOUNDARY LAYER COMPUTATION :

passage averaged velocities including :
- EWBL viscous effects

- EWBL cross flows

- Tip clearance flows

see equationss (3.1) and (3.2)

PASSAGE RADIAL FLOW COMPUTATION :

Passage radial flows including :
- All EWBL effects

- Main flow non-uniformity effects
- Circulation changes

see equation (3.8)

PROFILE BOUNDARY LAYER
AND WAKE COMPUTATION :

Detailed radial velocities including
profile boundary layer and wake radial flows

Figure 3.1 : Strategy for the radial flow computation
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figure 3.2 : meridional coordinate system

3.2 End-wall boundary layer computation

The EWBL calculation method as presented in [3] can directly be used. In
this method passage averaged EWBL equations are fully developed in the
curvilinear meridional coordinate system, including all curvature, Coriolis
and centrifugal effects. Appropriate EWBL velocity profiles, developed for

the particular case of a turbomachine, are used.

The inclusion of the boundary layer equations yield passage averaged

velocity profiles wm and “u where

~

= - .1
wm wm wm.ewbl (3.1)

W = W - 3.2
u u wu.ewbl ( )
d w are the velocity defects present in the boundary layers.

W an
m.ewbl u.ewbl
According to [3], the resulting passage averaged secondary flow in the

surface m=cte is given by

W, T wmth

wu.sec.ewbl
- (3.3)
- W
where tgf = —
W
m
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This secondary velocity is zero in case of a collateral EWBL flow (8 = B8) It
implicitly takes into account the effects of

- viscosity

- tip clearance

-~ passage and trailing edge vorticities caused by EWBL velocity defects.

The EWBL calculation procedure is summarized in section 4.

3.3 Passage radial flow computation

The radial flows inside the passage are found from the incompressible

inviscid vorticity equation

WV o - (2.9).W =0 (3.4)

Since the secondary flow is searched in surfaces m=cte, only the meridional

component of the secondary vorticity is relevant

L] u 1 n (3.5)
From the previous steps, some information is available about the passage
average of the velocity wu, whereas wn is the searched velocity component.

The idea of the present approcach is to passage average equations (3.4)

and (3.5). This yields following equations (section 5)

Jw - - oW
m - m (3.6)
ot F Cuge Dol vy 577 )
where
- 1 9 - 1 -
m- r3n "y T s [wn]* (3.7)

The passage averaged velocity wu can be decomposed as

~ ~ ~ -~

+ -
u " " “u.sec.ewbl “u.sec.inv (3.8)
[wn]: is de difference in radial velocity between pressure and suction side
of the passage (see figure 3.1). Equation (3.8) superposes the velocities

from the through flow computation (section 3.1), the EWBL flow (section 3.2)
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and main passage secondary flow,

Equations (3.6) to (3.8) contain four unknowns : W [wnj:, W, and

wu.sec.inv' The continuity in the secondary flow surface is used as fourth

equation to obtain closure. Some pitchwise modeling of the secondary flow
velocities 1is required at this point, since pitchwise information is lost
through the passage averaging. A linear behaviour for W, and a quadratic
behaviour for w yields (9]

-~

- 8
[wn}+ ® 5 "u.sec (3.9)

1

From equations (3.6) to (3.9), it is possible to reconstruct the radial
velocities including
- all EWBL effects through w

u.sec.ewbl
- main passage effects through anwm A
- main circulation changes through anrwu

The only assumptions made consist in some pitchwise modelling of the
secondary flow velocities, which results in an approximation in equation

(3.9).

3.4 Blade profile boundary léyers and wakes

These flows originate mainly from the centrifugation and coriolis effects
in blade profiles and blade wakes, The corresponding 3D boundary layer
equations automatically include these effects. In the present wake
approach, pressure and suction side of the wake are treated separately and
the concept of 'peak velocities' is not used. The reason for this 1is that
wake profile may be very asymmetric. Pressure and suction side radial flows
may even have opposite signs (Dring data [4]). An asymmetric 3D wake model

equation is introduced.

When this last step is performed, radial flows are reconstructed anywhere

in the passage flow and the radial mixing process through radial convectio